The UKIRT Infrared Deep Sky Survey is a set of five surveys of complementary combinations of area, depth, and Galactic latitude, which began in 2005 May. The surveys use the UKIRT Wide Field Camera (WFCAM), which has a solid angle of 0.21deg 2 . Here we introduce and characterise the ZY JHK photometric system of the camera, which covers the wavelength range 0.83 − 2.37 µm. We synthesise response functions for the five passbands, and compute colours in the WFCAM, SDSS and 2MASS bands, for brown dwarfs, stars, galaxies and quasars of different types. We provide a recipe for others to compute colours from their own spectra. Calculations are presented in the Vega system, and the computed offsets to the AB system are provided, as well as colour equations between WFCAM filters and the SDSS and 2MASS passbands. We highlight the opportunities presented by the new Y filter at 0.97 − 1.07 µm for surveys for hypothetical Y dwarfs (brown dwarfs cooler than T), and for quasars of very-high redshift, z > 6.4.
INTRODUCTION
The UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2006 , in preparation) commenced on 2005 May 13, and is a set of five surveys of complementary combinations of depthand area, employing the wavelength range 0.83 − 2.37 µm in up to five filters ZY JHK, and extending over both high and low Galactic latitude regions of the sky. The new Z band, 0.84 − 0.93 µm, and the Y band, 0.97 − 1.07 µm, introduced by Warren & Hewett (2002) , are both characterised in this paper. It is anticipated that the surveys will take seven years to complete. This paper characterises the photometric system of the survey, and presents synthetic colours of a wide variety of sources. The paper is one of a set of five which provide the reference technical documentation for UKIDSS. The other four papers, described below, are Casali et al. (2006, in preparation) , Lawrence et al. (2006) , Irwin et al. (2006, in preparation) and Hambly et al. (2006, in preparation) .
In this paper all quoted magnitudes are on the Vega system. We use the nomenclature Z, Y , J, H, K for magnitudes in the five bands used by UKIDSS; J2, H2, K2 for the bands of the 2Micron All Sky Survey (2MASS, Cutri et al. 2003) , and u, g, r, i, z for the native bands of the Sloan Digital Sky Survey (SDSS, York et al. 2000) 2.5m telescope.
Vega-based magnitudes in the SDSS system have been calculated by assuming that Vega has zero magnitude in the u, g, r, i and z passbands. Appropriate zero-point offsets to allow conversion to the AB system are given in Section 4.6. Quoted survey depths correspond to 5σ significance for a point source.
The survey instrument is the Wide Field Camera (WF-CAM) on the United Kingdom Infrared Telescope (UKIRT). A detailed description of the instrument is provided by Casali et al. (2006) (Puget et al. 2004 ) covers a solid angle of 0.11 deg 2 per exposure giving anétendue of 1.22 m 2 deg 2 . WFCAM is likely to remain as the near-infrared imager with the largestétendue in the world until completion of the near-infrared camera for VISTA (Dalton et al. 2004) . Consequently WFCAM provides the opportunity for new wide surveys, to depths substantially deeper than reached by 2MASS. WFCAM is a common-user instrument, but it is anticipated that the majority of WFCAM observing time will be devoted to UKIDSS.
The scope, layout, and broad science goals of the five components of UKIDSS are described by Lawrence et al. (2006) . There are three surveys targeting extraGalactic fields. The Large Area Survey (LAS) is a wide, relatively shallow survey that will cover 4000 deg 2 from within the footprint of the SDSS, in the four bands Y JHK. The depth, K = 18.4, will be some 3 mag. deeper than 2MASS. The Deep Extragalactic Survey (DXS), is of intermediate depth, K = 21.0, and will cover 35 deg 2 in J and K. The deepest survey is the Ultra Deep Survey (UDS), which will cover 0.78 deg 2 in JHK to a depth K = 23.0. Then there are two surveys targeting Galactic fields. The Galactic Plane Survey (GPS) will cover some 1800 deg 2 , defined by the sections of the Galactic-latitude band −5
• < b < +5
• that are contained within the Declination limits −15
• < δ < +60
• . This region will be imaged in JHK to a depth K = 19.0. Finally, the Galactic Clusters Survey will image 11 stellar open clusters and star-formation associations, covering 1400 deg 2 , in all five bands ZY JHK, to a depth K = 18.7.
For typical observing programmes, WFCAM will accumulate data at the rate of approximately 1Tb per week. All WFCAM data are processed by an automated pipeline, described by Irwin et al. (2006) . The pipeline flat-fields the data, subtracts the counts from the background sky, detects and parameterises objects, and performs the photometric and astrometric calibrations. The reduced frames and catalogues are ingested into the WFCAM Science Archive, described by Hambly et al. (2006) . A process of curation results in seamless images and catalogues, matched across bands. Access to the data is through a flexible query tool, which allows SQL commands for sophisticated searches.
The present paper characterises the photometric system defined by the WFCAM ZY JHK broadband filters. The layout of the of the paper is as follows. In Section 2 we explain the design of the five passbands, in Section 3 we explain the procedure for computing synthetic colours, and in Section 4 assemble the required ingredients. In Section 5 we present the synthetic colours of a variety of non-degenerate and degenerate stars, galaxies, and quasars. Finally, in Section 6 we compute colour equations between certain WF-CAM, SDSS, and 2MASS filters. A future paper (Hodgkin et al. 2006, in preparation) will describe the results of calibration observations with the instrument, and present the measured colour terms. These two papers, then, are similar in aim to the SDSS papers by Fukugita et al. (1996) and Smith et al. (2002) .
THE WFCAM ZY JHK PHOTOMETRIC SYSTEM
Extensive work on the specification of optimal passbands in the near-infrared has led to the development of the Mauna Kea Observatories (MKO) near-infrared filter set that includes JHKL ′ M ′ bandpasses Tokunaga, Simons & Vacca 2002) . The MKO filters have been adopted widely and the filters chosen for the WFCAM J, H and K bands have been manufactured to the MKO specifications.
Key science goals of UKIDSS include a census of very low temperature brown dwarfs (Section 5.2.2) and the identification of quasars with redshifts beyond the current maximum reached by SDSS, z = 6.4 (Section 5.4). To enable such goals, a novel feature of UKIDSS is the extension of imaging observations to wavelengths shortward of 1.2 µm where the availability of broadband colours improves the discrimination between brown dwarfs and high-redshift quasars.
At the interface between conventional optical and nearinfrared observations the SDSS z-band has in practice become the "standard" and the availability of extensive skycoverage in the z-band from the SDSS is an important element for the exploitation of the UKIDSS LAS. There is thus an argument for incorporating the SDSS z-band, or a very close approximation to the band, into the UKIDSS filter set. However, while the SDSS z-band imaging is extensive, a feature of the passband is an extended tail in the response curve extending to long wavelengths. The SEDs of low-mass stars, brown dwarfs and high-redshift quasars involve both steeply rising flux distributions towards red wavelengths, coupled with large spectral discontinuities. As a result, the magnitude difference between the SDSS z-band and a passband with a more rectangular or Gaussian transmission profile can be large for red objects. Furthermore, the form of the extended red tail in the SDSS z-band is defined by the declining CCD detector quantum efficiency and is also affected by strong atmospheric absorption at 0.93 − 0.97 µm, making the synthesis of a passband closely similar to the SDSS z-band impractical. For these reasons a new Z-band filter has been designed for use with WFCAM. The specification involves: an effective wavelength of 0.882 µm (close to the effective wavelength of the SDSS z-band), close to constant transmission over a 0.06 µm wavelength range, and cut-on and cut-off profiles very similar to the MKO JHK filters.
The wavelength interval between 0.9 µm and 1.2 µm has, until now, been largely unexploited. The low sensitivity of most optical CCD detectors at ∼ 1 µm, coupled with the relatively bright sky-background curtailed interest from optical astronomers. For infrared astronomers, the lack of large near-infrared detectors, that would enable wide-field surveys to be undertaken, has meant that observations at ∼ 1 µm would be of interest in only a few specialised applications. For the first time, the technological advance represented by the commissioning of WFCAM allows wide-field observations with an instrument that possesses high throughput at ∼ 1 µm. Scientifically, the aim of detecting bright quasars with redshifts as high as z = 7.2, provides a strong motivation for obtaining broadband observations at wavelengths between the Z and J bands.
To this end, Warren & Hewett (2002) proposed a specification for a new Y -band filter with an effective wavelength of 1.03 µm. Hillenbrand et al. (2002) have also defined and characterised a Y -band filter with a similar effective wavelength but a substantially greater width. The rationale for the choice of the narrower Y band involves avoiding the wavelength region that suffers from significant atmospheric absorption by adopting a blue cut-on wavelength of ≃ 0.97 µm. At the red end of the passband, the onset of very strong emission from OH lines occurs at 1.07 µm. This increases the signal from the sky background significantly and the Warren & Hewett Y -band cut-off wavelength is chosen to be ≃ 1.07 µm in order to reduce the effect of the sky background. The narrower passband also has the significant advantage of allowing improved discrimination between high-redshift quasars and T dwarfs, by some 0.15 mag. The narrower Y -band specification has therefore been adopted for the UKIDSS Y -band filter and several other observatories have also decided to incorporate the narrower Y -band specification in their filter sets (A. Tokunaga, private communication).
SYNTHETIC PHOTOMETRY
All calculations of magnitudes and colours have been undertaken using the synphot package in the Space Telescope Science Data Analysis System. The mean flux density, f λ (P ), in a broad passband defined by a dimensionless bandpass throughput function, P (λ), is calculated as:
where f λ (λ) is the flux density of the target object (Synphot User Guide 1998
2 ). The associated zero-point is calculated by evaluating the same expression for a spectrophotometric standard star, Vega in our case, "observed" using the identical passband function P (λ). The technique is thus differential in nature and mimics the procedure undertaken when performing actual photometric observations, calibrated by observations of standard stars. The shape of the throughput function is the key element in the calculation, although, for all but the most pathological of target SEDs, errors in the form of the throughput function cancel to first-order because the zero-point defined by the standard star is calculated using the same throughput function.
Synphot employs a reference SED for Vega from Bohlin & Gilliland (2004) . Since in the system of the UKIRT Faint Standards (Hawarden et al. 2001 ), that will be used to calibrate UKIDSS, Vega has zero magnitude in J, H, and K, whereas in the Johnson U BV system Vega has non-zero magnitudes, care must be taken in defining zero-points. In this paper the zero-points in all the UKIDSS, SDSS, and 2MASS bands are defined by Vega having zero magnitude. Zero-point offsets to the AB system used to bring the SDSS bands onto the Vega system are provided in Section 4.6. Transfer to a system in which Vega has non-zero magnitude (as is the case for some near-infrared systems) can be achieved by a simple zero-point shift.
Accuracy of zero points
We assume that the spectrum of Vega provided by Bohlin & Gilliland (2004) is an accurate representation of the true SED. Employing this spectrum as the basis for the calculations presented here ensures that the results are reproducible by others. If an improved determination of the Vega spectrum becomes available it would therefore be a simple 2 http://www.stsci.edu/resources/software hardware/ stsdas/synphot matter to compute adjustments to any quantities provided here. Extensive work has been undertaken to determine the absolute flux-distribution of Vega from the ultraviolet through near-infrared wavelengths (e.g. Bohlin & Gilliland (2004) ; Cohen, Wheaton & Megeath (2003) ) but uncertainty at the 2% level remains (see Tokunaga & Vacca (2005) for a recent discussion). A particular concern is whether the nearinfrared absolute fluxes of Vega should be increased by ≃ 2% relative to those in the optical. While the basis for the calculation of the magnitudes and colours presented here is clear, i.e. the Bohlin & Gilliland Vega spectrum has zero magnitude for all passbands, if systematic offsets in magnitude or colour at the few per cent level are an issue for a particular application, careful reference should be made to the above emphasised statements on the zero-points definition, and the adopted SED for Vega.
RESPONSE FUNCTIONS
Passband response functions have been computed by taken into consideration all wavelength-dependent quantities, including atmospheric absorption, mirror reflectivity, filter transmission, and array quantum efficiency. Wavelength-independent quantities are irrelevant for synthesising colours, but have been included by normalising the computed curves to the measured total system throughput established from observations of standard stars. This result is preliminary, and the overall wavelength-independent normalisation applied is subject to revision.
Atmospheric Transmission
The effect of atmospheric transmission was quantified using the ATRAN code (Lord 1992 ). Models were generated over the wavelength range 0.8 − 2.5 µm with a resolution of 3Å using atmospheric parameters appropriate for observations from Mauna Kea. Using four values for the airmass (1.0, 1.3, 1.6 and 2.0) and four values for the precipitable water-vapour (1.0, 2.0, 3.0 and 5.0 mm) resulted in a total of 16 models. The vast majority of the UKIDSS observations are expected to be performed at airmass 1.3 with a water-column of ≃ 1.0 mm. However, more extreme airmass values and water-columns up to 5 mm were included to allow investigation of the passband behaviour in both poor conditions on Mauna Kea and for sites with much larger values of precipitable water-vapour, such as those employed for 2MASS. The impact of Rayleigh scattering and aerosol scattering (Hayes & Latham 1975) on the shape of the passbands is insignificant given our target photometric accuracy and no attempt has been made to include their effects.
Telescope, Instrument and Detector
Light entering the telescope undergoes three reflections from aluminium-coated mirrors (telescope primary, telescope secondary and one reflection within WFCAM) before reaching the detectors. The variation in reflectivity at short infrared wavelengths, relevant for the Z and Y bands, is significant and three reflections from aluminium have been incorporated in the calculation of the passbands using data from Hass & Hadley (1963) .
Transmission measurements over the wavelength range of interest for the remaining optical components within the WFCAM instrument show no variations exceeding 1%, and constant transmission, independent of wavelength, has therefore been adopted.
The quantum efficiency of the Rockwell Hawaii-II 2048 × 2048 HgCdTe detectors increases approximately linearly with wavelength. The change across the individual passbands amounts to only a few per cent but the variation in quantum efficiency has been incorporated in the calculation of the passbands using data for a typical device ( Table  1 ). The measurements at 1.2, 1.6, and 2.2µm are the values supplied by the manufacturer, multiplied by 0.8. This factor accounts for an error in the computed gain used by the manufacturer, as a consequence of covariance between pixels. To obtain the remaining values in the table, the relative quantum efficiency across the interesting wavelength range was measured by the WFCAM team (Casali et al, 2006) , and the values were normalised to the manufacturer's points. We have interpolated between the points in the table, with the quantum efficiency assumed to be constant for wavelengths > 2.2 µm.
Filters
The filter transmission curves are from laboratory measurements at 10Å intervals, made by the WFCAM team. The measurements were undertaken at room temperature. The dependence of the filter cut-on and cut-off wavelengths as a function of temperature was measured by the manufacturers. Filter transmission curves appropriate for the operating temperature (120 K) of the WFCAM instrument were then derived by us by applying the measured temperature dependence at the cut-on and cut-off wavelengths, with linear interpolation adopted for wavelengths between the two reference points. For the Z filter the measured temperature dependence was consistent with no change and the transmission profile measured at room temperature was used. At the other extreme, the K-filter exhibits a shift of ≃ 0.035 µm, or ∼ 10% of the bandwidth, and the use of the temperaturecorrected profiles is important when calculating passbands.
The transmission measurements were undertaken from 0.4 µm out to beyond 3.0 µm, where the WFCAM detectors possess no sensitivity. With the exception of an insignificant narrow "blue leak" of height 1% at ≃ 0.792 µm for the Y filter, no leaks above the 0.1% specification requirement were present in any of the filter transmission curves.
The transmission curves presented here are derived from a single filter in each band -four filters per band are necessary to cover the detector arrays in WFCAM -but intercomparison of the four transmission curves in each band shows that the variations between filters produce differences in the photometry of at most 0.01 magnitudes.
4.4 Summary: WFCAM system throughput curves Fig. 1 shows the ZY JHK passband transmission curves for: i) no atmosphere, ii) typical atmospheric conditions, airmass 1.3 and 1.0 mm of precipitable water-vapour, and iii) extreme atmospheric conditions, airmass 2.0 and 5.0 mm of precipitable water-vapour. The MKO JHK filter transmissions were developed with the aim of minimising the effects of variable atmospheric transmission due primarily to the change in the water content of the atmosphere. The same philosophy was adopted in the design of the new Z and Y filters. The result is a reassuring stability of the UKIDSS ZY JHK system over a wide range of atmospheric conditions. There are essentially no differences in the photometry at the > 0.01 mag level for objects with non-pathological SEDs for observations made through precipitable water-vapour columns of 3.0 mm and at airmasses in the range 1.0 − 1.6.
The insensitivity of the WFCAM ZY JHK system to atmospheric properties is evident from consideration of observations of the full range of stellar types included in the Bruzual-Persson-Gunn-Stryker atlas (Section 5.1.1). Even for observations made at an airmass of 2.0 through an extreme atmospheric model for Mauna Kea that includes 5.0 mm of water-vapour ( Fig. 1) , only in the Z-band, for a narrow range of stellar type (M6-M8), are differences in the photometry that exceed > 0.01 mag level evident. The differences in the Z-band, compared to observations made in excellent conditions, amount to no more than 0.015 mag for the narrow range of late-M spectral types. Similarly, for the adopted quasar SED (Section 5.4), differences between observations made through the extrema of the atmospheric models differ by less than 0.02 mag for redshifts z < 6.2. Only at redshifts (z ∼ 6.5) where the very strong spectral discontinuity at Lyman-α 1216Å coincides with the atmospheric absorption at 9000 − 9200Å in the Z-band does the photometry differ by more than 0.1 mag, reaching a maximum of 0.2 mag.
Synthetic photometry for such truly unusual SEDs observed through the most extreme atmospheric models can be obtained using the appropriate transmission curves. However, for the calculations presented in this paper we have adopted the passband transmission curves based on observations at an airmass of 1.3 through an atmosphere with 1.0 mm of precipitable water-vapour, typical of the conditions under which the majority of UKIDSS data are likely to be obtained. These default ZY JHK passband transmissions are provided in Tables 2-6, each of which lists in col. 1 the wavelength in µm and in col. 2. the fractional throughput.
SDSS and 2MASS Passbands
The SDSS passbands are based on data obtained by J. Gunn to calculate the "June 2001" version of the SDSS passbands, which were kindly supplied by X. Fan. The passbands are identical to those provided on-line with the recent SDSS Figure 1 . Transmission curves, from above atmosphere to detector, for the WFCAM filter set. Three curves are shown for each band. The upper, thick, curve is for no atmospheric absorption. The middle, thick, curve is for the default atmospheric conditions (1.3 airmass, 1.0mm water), and the lower, thin, curve is for extreme atmospheric conditions (2.0 airmass, 5.0 mm water). These curves have been computed on the basis of measurement or modeling of the relevant wavelength-dependent quantities. An overall wavelength-independent normalisation has been applied to match the photon count rate measured for standard stars with the instrument. The calculation is preliminary and the wavelength-independent normalisation is subject to revision. DR4 release. The passbands are appropriate for the observation of point sources from Apache Point Observatory at an airmass of 1.3. The 2MASS passbands were derived by taking the relative spectral response curves given by Cohen et al. (2003) , dividing by wavelength and renormalising to produce a transmission function, P (λ), as employed in equation 1.
AB system offsets
In Table 7 we list the filters and provide in col. 2 the computed effective wavelength, defined according to Schneider, Gunn & Hoessel (1983) (see equation 3 in Fukugita et al. 1996) . Cols 3 and 4 list the flux-density of an object spectrum, of constant flux density in both Jy and Wm −2 µ −1 , over each passband, that corresponds to zero magnitude. The former quantity is quantified in another way in col. 5, as the magnitude offset to convert the Vegabased magnitudes onto the AB-magnitude system (Oke and Gunn, 1983) , where we have used the definition ABν = −2.5 log fν (erg s −1 cm −2 Hz −1 )+48.60. The values for the J, H, and K bands computed by Tokunaga and Vacca (2005) , for the MKO system, are virtually identical. This is a coincidence, however, as they employed a slightly different SED for Vega, and a different zero-point of the AB system, these two differences closely cancelling each other.
SYNTHETIC COLOURS OF STARS, GALAXIES, AND QUASARS
In this section we use the apparatus described in Sections 3 and 4, to synthesise colours of a wide range of sources -stars, galaxies, and quasars -to illustrate the colours of the types of objects expected to appear in the surveys.
The following sub-sections detail the origins of the spectra, and tabulate the results for each class of object. Fig. 2 (for brown dwarfs, stars and quasars) and Fig. 3 (for galaxies) illustrate the Z, Y , J, H, K, colours which are discussed in the relevant sub-sections that follow. Because of the wide range of computed colours, in each of the two figures the lefthand set of panels and the right-hand set of panels show the same two-colour diagrams at different scales. As discussed in Section 4.4 all calculations presented employ the passband transmission functions appropriate to observations at airmass 1.3 through an atmosphere with 1.0 mm of precipitable water-vapour.
The results shown here may be reproduced by taking the tabulated passband transmissions, P (λ) (Tables 2-6), and evaluating the quantity f λ (P ) defined in equation 1, for a particular object SED (provided in the form f λ (λ)). The zero-point is derived by performing the same calculation for the Bohlin & Gilliland (2004) Vega spectrum. Colours in the same system may be computed for any object of specified SED by following this procedure.
5.1 Non-degenerate stars: the BPGS spectrophotometric atlas, and additional M dwarfs
BPGS spectrophotometric atlas
The Bruzual-Persson-Gunn-Stryker (BPGS) atlas is a database of spectrophotometry of 175 stars, of a wide range of spectral type and luminosity class, spanning the optical and near-ir wavelength range. The atlas itself is unpublished, but is available at e.g. http://www.stsci.edu/hst/observatory/cdbs/bpgs.html. The optical spectra comprise the Gunn-Stryker atlas (Gunn & Stryker, 1983) . Most of the near-infrared data come from Strecker, Erickson & Witteborn (1979) , while the remainder are unpublished. Stars 1-12, 70-77, 173, and 174 have been omitted from the calculations due to incomplete wavelength coverage. Stars 169, and 170 were also excluded because of an apparent mismatch between the amplitudes of the optical and near-infrared spectra. The synthesised colours of the BPGS stars are provided in Table 8 . The first 12 columns list colours from u to K, and columns 13 − 15 list successively the spectral classification, the BPGS reference number and the name of the star, taken from Gunn & Stryker (1983) , if provided.
Additional M dwarfs
The BPGS atlas contains spectra of only six M dwarfs. Therefore we have supplemented the list with spectra of 15 M dwarfs covering the wavelength range i to K, collated from the following references: Geballe et al. (2002) , Hawley, Gizis & Reid (1996) , Henry, Kirkpatrick & Simons (1996) , Kirkpatrick, Henry & Simons (1995) , Leggett et al. (2000a; 2002a) , McLean et al. (2003) , and Reid, Hawley & Gizis (1995) . In Table 9 , cols 1 − 9 provide colours over the range i to K, col. 10 gives the K-band absolute magnitude, MK , with the source of the parallax determination indicated, col. 11 provides the spectral classification and col. 12 the object name. In a few cases the spectrum does not cover the entire i band, and the i − z entry is consequently blank. The spectra were observed in a small number (e.g. three) of sections, each spectrophotometrically calibrated. To account for differential slit losses, the sections of spectra were calibrated absolutely using published photometry, in J, H, and K, and frequently in a wide Z filter that covers the entire range of the WFCAM Z and Y filters. The result is that our synthesised colours to a large extent simply reproduce the published colours in the J, H, and K bands, whereas colours that include the i, Z, and Y bands involve a degree of interpolation or extrapolation, and therefore will be less accurate. The uncertainties in the spectral fluxes (at wavelengths within the WFCAM photometric passbands) are typically 3%. Deviations between the measured JHK colours and the slopes of the spectra are 1-5%. Hence the errors in the predicted colours of the M-dwarfs, and the L and T dwarfs discussed in Section 5.2.1, are expected to be 0.03-0.06 mag.
In Fig. 2 Tinney et al. (1998), and Tsvetanov et al. (2000) . In Table 10 , cols 1 − 9 provide colours over the range i to K, col. 10 gives the K-band absolute magnitude, MK , with the source of the parallax determination indicated, col. 11 provides the spectral classification and col. 12 lists the object name. As with the M dwarfs, in a few cases the spectrum does not cover the entire i band, and the i − z entry is consequently blank. The accuracy of the synthetic colours that include the i, Z, Y bands is subject to the same remarks made above in relation to the M dwarfs. The colours of very cool stars, of spectral type M, L, and T, across the WFCAM bands, deserve comment. In the Fig. 2 , moving down the brown dwarf sequence, the early L stars firstly extend the O to M colour sequence to redder colours. Moving to cooler temperatures the colours reverse and track back up the colour sequence, becoming successively bluer, until the coolest T dwarfs are bluer than O stars (due to the presence of strong absorption bands of water, methane and pressureinduced H2; see e.g. Burgasser et al. 2002; Geballe et al. 2002) . The consequence is that over a broad temperature range, from mid L to mid T, the J − H vs H − K two-colour diagram is ineffective for distinguishing brown dwarfs from hydrogen burning stars. A two-colour diagram involving Z, such as Z − J vs J − H separates the two populations. Nevertheless very deep observations would be required in Z to detect the coolest T dwarfs, which have Z − J ∼ 4. The Y band provides a compromise solution. In the Y − J vs J − H diagram, plotted in the middle panels in Fig. 2 , it is seen that brown dwarfs have approximately constant Y −J ∼ 1.2, redder than the M stars, while the J − H colour (or J − K) separates the L dwarfs from the T dwarfs. 
Model Y dwarfs
The current coolest known T dwarf is 2MASSJ0415-0935 (Burgasser et al. 2002) . The synthetic colours for this object are included in Burgasser, Burrows & Kirkpatrick (2006) . Cooler brown dwarfs no doubt exist, but will be difficult to find, because of their very low luminosities. One of the main goals of UKIDSS is to discover such stars. At some temperature a new spectral sequence is expected to appear, possibly associated with the emergence of NH3 in the spectrum, and the nomenclature Y dwarf has been suggested (Kirkpatrick et al. 1999a . In order to develop a strategy for finding brown dwarfs cooler than T eff ∼ 700K we have computed synthetic colours from the model spectra of Burrows, Sudarsky & Lunine (2003) , which cover masses in the range 1 − 10MJup, and ages 10 8.0−9.7 yr. In Table 11 , cols 1 − 9 provide predicted colours over the range i to K, col. 10 the K-band absolute magnitude, MK , and cols 11 − 14 list, respectively, the model mass, age, T eff , and surface gravity. Table 12 lists colours computed from similar models by Marley et al. (2002; 2006, in preparation) . Cols 1-10 in Table 12 contain the identical information to that for the Burrows et al. models in Table 11 , while cols 11 and 12 specify the temperature and surface gravity for the Marley et al. models. These models are for T eff of 700 and 600 K, and surface gravities, log g of 4.48, 5.00 and 5.48 cm s −2 , and so sample masses around 15, 30 and 60 MJup aged 0.4 − 0.6, 3.0 − 4.6 and 13 Gyr, respectively. Although the Y − J colours of the Marley models are bluer than the Burrows models, the general trends are similar -very late T and Y dwarfs will have Y − J redder than M dwarfs (Y − J > 0.8) while J − H will be extremely blue (J − H < −0.2).
The synthetic colours for the models of warmer temperature, which overlap in temperature with the coolest known T dwarfs, are in reasonable agreement with the measured colours of the T dwarfs (Fig. 2) , giving some confidence (1997) in the synthetic colours of the cooler objects. The range of masses and ages considered give rise to a wide range of predicted colours. The models however all suggest that the coolest brown dwarfs continue getting bluer in the nearinfrared with decreasing T eff for T eff > 400 K. describe the reddening at cooler temperatures to be due to the appearance of water clouds and, more importantly, the collapse of flux on the Wien tail.
Spectral changes occur at temperatures hotter than 400 K: the alkali lines are expected to disappear below 500 K, and at 600 K NH3 is expected to be detectable at the blue edge of the H and K band peaks . The appearance of NH3 in the near-infrared may signal the next spectral type after T, i.e. Y, as discussed above. WFCAM will allow candidate very late T and Y dwarfs to be identified from their blue J − H colours; these objects will be followed up spectroscopically. The LAS should find several brown dwarfs later than T8 in the first two years of the survey. Adopting a detection limit of K = 18.4, the LAS should detect dwarfs as cool as 450 K at 10 pc in all Y JH bands (col. 10 in Tables 11 and 12 ). This temperature limit translates to a lower mass limit of 10 MJup for an assumed age of 1-5 Gyr.
Should young, nearby, even cooler objects be detected in the Y and J bands, Fig. 4 shows that the model Y − J colours are approximately constant with temperature down to 400K, then move rapidly redder. Stellar objects redder than Y −J = 2 would be extremely cool, and very interesting Burrows et al. (2003) model T and Y cool dwarfs Note: the model spectra extend only to 2.4 µm and the H − K and K − K2 colours may be in error by up to 0.02 mag.
objects indeed. Possible contaminants include carbon stars, distinguishable using other colours, and quasars of very-high redshift, z > 7.8, which are expected to be extremely rare. Although model colours of elliptical galaxies become very red in Y − J at high redshift z > 2.8 (see below), this is only true of an unevolving spectrum. For realistic formation redshifts, such extreme colours would not be seen. For the model cool brown dwarfs, a similar trend with temperature is seen in the Z − J colour, but a selection limit Z − J > 5 would be required, which would involve unreasonably long integrations in the Z band. Caution is required however as the model colours are subject to uncertainty, and other authors (Baraffe et al. 2003; Marley, private communication) find somewhat different trends.
Cool white dwarfs
Model spectra of white dwarfs have been provided by P. Bergeron (see e.g. Bergeron et al. 2005 , references therein, and the web page http://www.astro.umontreal.ca/∼bergeron/CoolingModels/) and used to calculate colours over the range u to K. The models are for pure H and pure He atmospheres, with surface gravity log g =8. Tables 13 and 14 provide the colours in columns 1−12, column 13 provides the K−band absolute magnitude, and column 14 the effective temperature. Fig. 2 shows that while He-atmosphere white dwarfs are difficult to distinguish from main sequence stars, hydrogenrich white dwarfs become blue in J −H at T eff <5000 K. This is due to the onset of pressure-induced molecular hydrogen absorption in these high-pressure atmospheres. White dwarfs can be used as chronometers, as their cooling after the planetary nebula stage is reasonably well understood. The age of the Galactic disk has been constrained by the coolest disk white dwarfs (Liebert, Dahn & Monet 1988; Oswalt et al. 1996) , and if halo white dwarfs can be identified, the age of the halo could also be constrained. This is especially true of the H-rich white dwarfs, as He atmospheres are less opaque and allow the white dwarf to cool rapidly -a He-rich dwarf will be a Gyr or more younger than a H-rich dwarf with the same temperature (e.g. Bergeron, Leggett & Ruiz 2001) . Fig. 9 of Bergeron et al. (2005) shows that most white dwarfs known have T eff >4000 K and, based on tangential velocity and temperature, are most likely to be (thick) disk dwarfs younger than 10 10 years. The LAS will be able to detect 4000 K H-rich white dwarfs out to around 60 pc, and 3000 K H-rich white dwarfs to 20 pc. While these objects are very rare, they occupy a unique region of the J − H vs Y − J diagram and will be easy to identify and important to follow-up.
Galaxies: hyperz templates, and the Kinney-Mannucci spectra
We have computed synthetic colours of galaxies over the redshift range 0 < z < 3.6, with a step size ∆z = 0.1, by redshifting unevolving locally-measured template spectra of different galaxy types. Predictions for the u and g colours at high redshift require the adoption of a model for the effects of intervening absorption. While such a model is employed to make predictions for the quasar SEDs (Section 5.4), galaxy colours at high redshift based on unevolved ultraviolet galaxy SEDs are of limited utility and the u-and g-band simulations are confined to redshifts z 1.7 and 2.5 respectively. We have used two published sets of templates, as detailed below.
hyperz templates
The first set of templates are the extended Coleman, Wu & Weedman (1980) spectra that are supplied with and used by the hyperz photometric-redshift code (Bolzonella, Miralles & Pelló, 2000) . The original Coleman et al. spectra cover the wavelength range 1400 < λ < 10 000Å, and were extended by Bolzonella et al. to both shorter and longer wavelengths using synthetic spectra created with the GISSEL98 code (Bruzual & Charlot, 1993) . The synthetic colours for, Table No . Description Table 16 Colours of redshifted hyperz E galaxy Table 17 Colours of redshifted hyperz Sbc galaxy Table 18 Colours of redshifted hyperz Scd galaxy Table 19 Colours of redshifted hyperz Im galaxy Table 20 Colours of redshifted Kinney-Mannucci E galaxy Table 21 Colours of redshifted Kinney-Mannucci S0 galaxy Table 22 Colours of redshifted Kinney-Mannucci Sa galaxy Table 23 Colours of redshifted Kinney-Mannucci Sb galaxy Table 24 Colours of redshifted Kinney-Mannucci Sc galaxy Table 25 Colours of redshifted blue model quasar Table 26 Colours of redshifted average model quasar Table 27 Colours of redshifted red model quasar respectively, the template E, Sbc, Scd and Im spectra are provided in Tables 16-19 . In each table col. 1 lists the redshift, and cols 2 − 12 list colours in the u to K bands. Blank entries correspond to redshift ranges where colours would be affected by intergalactic absorption. Table 15 summarises the contents of the tables containing the predicted colours for the various galaxy and quasar template spectra. The redshift tracks of the ZY JHK colours of the four spectra are plotted in Fig. 3 . The effect of redshift is, as a rule, to shift the spectra redward of the locus of stars, i.e. towards the bottom right in each plot. We chose to redshift unevolving templates as this gives an idea of the envelope within which galaxy colours lie at any redshift. But the use of an old stellar population (the E spectrum) to define the red boundary of the colour distribution, becomes unrealistic by redshift z = 2. Therefore objects discovered in the region of colour space traced by the E spectrum at high redshift, are more likely to be dusty galaxies, not represented by the templates used here.
Kinney-Mannucci spectra
The second set of templates are the spectra created by Mannucci et al. (2001), by combining their near-infrared aver- aged spectra with the UV-optical template spectra of Kinney et al. (1996) . The synthetic colours for, respectively, the template E, S0, Sa, Sb, and Sc spectra are provided in Tables 20-24. In each table col. 1 lists the redshift, and cols 2 − 12 list colours in the u to K bands. Blank entries correspond to redshift ranges where colours would be affected by intergalactic absorption or where the template SEDs provide incomplete coverage. The latter restriction is confined to colours involving K at z = 0 as the spectra of Mannucci et al. (2001) reach only 2.4 µm, where the WFCAM K filter still has significant transmission.
The redshift tracks of the Kinney-Mannucci spectra mostly follow closely the hyperz tracks for similar spectral classes.
5.4 Quasars in the redshift range 0 < z < 8.5
Given the extended wavelength range covered by the passbands (u through K) and the large redshift range of interest for the quasars, 0 < z < 8.5, a quasar SED covering the rest-frame wavelength range 500 < λ < 25 000 A is required. High signal-to-noise ratio composite spectra from large quasar surveys (Francis et al. 1991; Brotherton et al. 2001; Vanden Berk et al. 2001) provide information for the wavelength range 1000 λ 7000Å but additional constraints are needed to model the full wavelength range. The relatively simple model SED employed here has been constructed using the emission line properties of the Large Bright Quasar Survey (LBQS) composite spectrum (Francis et al. 1991) combined with a parametric continuum model. A more complete description of the quasar model SED and the data used to determine the parameters is given in Maddox & Hewett (2006) but an outline is given here.
The quasar SED model parameters were defined by requiring the model to reproduce the median colours in ugrizJ2H2K2 of a sample of 2708 quasars, magnitudes i < 17.4 and redshifts 0.1 z 3.6, with unresolved morphologies, from the SDSS DR3 quasar catalogue (Schneider et al. 2005 ), 90% of which possess 2MASS JHK detections. The "continuum" is represented by a power-law in frequency, F (ν) ∝ ν α with α = −0.3 for λ < 12 000Å and α = −2.4 for λ 12 000Å. A modest contribution from Balmer continuum radiation is included to model the excess flux needed at ∼ 3000Å. Emission line contributions from the LBQS composite spectrum (Francis et al. 1991) over the wavelength range 1000−6000Å are included, along with Hα from an extended version of the LBQS composite, and the addition of a Paschen-α line. The Hα strength in the composite is derived from low-luminosity objects and it is necessary to incorporate a reduction in the equivalent width of Hα as a function of luminosity, i.e. a Baldwin Effect (Baldwin 1977) , with a dependence EW (Hα) ∝ L −0.2 qso , to reproduce the behaviour of the median JHK colours as Hα passes through the nearinfrared passbands over the redshift range 1 z 3.
Given the primary redshift range of interest for the UKIDSS survey is at z > 6, the effects of intergalactic absorption are incorporated by including the absorption from an infinite optical-depth Lyman-limit system at 912Å in the quasar restframe, i.e. there is no flux below 912Å in the quasar restframe. Absorption due to Lyman-α, β and γ transitions in the Lyman-α forest are included using data from Songaila (2004) , which extends to a redshift of z = 6.5. At redshift z = 6.5 there is almost no flux shortward of 1216Å and rather than attempting an unconstrained extrapolation of the absorption behaviour to higher redshifts the absorption applicable at z = 6.5 has been applied at all redshifts z > 6.5. In practice the adoption of the z = 6.5 absorption for higher redshifts means that colours involving Z and Y (e.g. Y − J) will represent blue limits. However, the amplitude of the discontinuity at 1216Å is such that such colours are already extremely red (reaching 8 magnitudes) and additional absorption will simply increase the amplitude of the continuum breaks relevant to the detection of quasars at z > 6.5. Those interested in the u band colours of quasars at redshifts 1.8 < z < 3.5 will likely wish to apply a more sophisticated Monte-Carlo approach to simulating the effects of different sight-lines through the intergalactic medium. A somewhat steeper power-law index below the Lyman-α line would also provide an improved fit to the median u band colours.
The simple model quasar SED provides an exceptionally good fit to the median colours, grizJ2H2K2, over the full redshift range 0.1 z 3.6 and colours involving the u band to z ∼ 2. To provide an indication of the effects of changing the overall shape of the quasar SED on the UKIDSS colours, "blue" and "red" quasar SEDs have been generated by modifying the power-law slope at λ < 12000Å to α = 0.0 and α = −0.6 respectively.
The model colours of the blue, average, and red model quasar spectra, respectively, are provided in Tables 25, 26 and 27, and cover the redshift range 0 < z < 8.5, with redshift interval ∆z = 0.1. In each table col. 1 lists the redshift, and cols 2 − 13 provide colours over the range u to K.
The discovery of quasars of very-high redshift z > 6 is another of the key goals of UKIDSS (Warren & Hewett, 2002) . The general principle used to find high-redshift quasars 3 < z < 6.4 with broadband photometry (e.g. Warren, Hewett & Osmer, 1991; Fan et al. 2000b ) is to image in three bands, one (a) blueward of redshifted Lyα, a second (b) containing or just redward of Lyα, and a third (c) further to the red. The quasars are then red in a − b, and bluer in b − c than any stars, or brown dwarfs, that are similarly red in a − b. The most distant quasar found in the SDSS has z = 6.40 (Fan et al. 2003; Iwamuro et al. 2004) . At higher redshifts Lyman-α moves out of the z band, and a longer-wavelength middle filter is needed.
Unfortunately in the standard near-infrared bands JHK quasars are redder than most stars (Warren, Hewett & Foltz, 2000) , and have similar colours to M stars, late L dwarfs, and early T dwarfs. This means that in a search for quasars of redshift z > 6.4 a colour from the JHK bands used as the red colour b − c is not effective. As shown in Fig. 4 , the Y band appears to offer a solution. The colour of the average quasar spectrum lies at least 0.5mag. bluer than L and T dwarfs in Y − J until z ∼ 7.2, so that combining UKIDSS data with sufficiently deep i−band data it may be possible to discover quasars at redshifts z > 6.4.
COLOUR EQUATIONS BETWEEN WFCAM, SDSS, AND 2MASS
We have used synthetic colours to compute colour equations relating photometry in the WFCAM bands and the native SDSS 2.5m telescope z band and 2MASS J2, H2, and K2 bands i.e. those bands with similar effective wavelengths to WFCAM bands. We used the BPGS atlas, and the additional M stars (Section 5.1.2), but excluded L and T dwarfs which follow different, more complicated, relations. We computed fits for luminosity classes III and V separately. The two fits are mostly similar for any band, but noticeably different in the K band. The following relations allow photometric transformations between the different systems. The root mean square scatter in these relations is 0.01 mag. or less. We remind readers that all magnitudes here are Vega based, and that Table 7 provides offsets to the AB system. [V] (5b) K2 = K − 0.072(H − K)
[III] (5c) K2 = K + 0.073(H − K)
[V] (5d)
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